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Abstract 
A laboratory procedu re for quantification of corneal rigidity factor (l) and the true intraocular pressure ( 
IOP) has been developed in this study and is named Lamometry. It utilizes corneal applanation principles, 
requiring at least two central corneal applanations of different diameters (between 2 and 3 mm) . The 
forces in g rams (accurate to second decimal p lace) needed to applanate the determined areas , together 
with data on the corneal geometric characteristics ( e.g .: horizontal limbal diameter, radius of curvature 
of the front surface and central thickness of the co rnea) are used in the calculation of L (in Lams o r gm/
mm2) and I O P ( i n mm Hg ) of t h e eye. The IOP th us measured is, in theory, independent of the 
geometric characteristics and rigidity of the cornea because the mathematical equations allocate a 
certain fraction of the applied applanating force to the resistance due to corneal rigidity, and the rest of 
the force to the resistance offered by the IOP. Certain assumptions are made to simp lify the calcu lations. 
The i n itial attempt to verify the p rocedu re was by use of a corneal analogue of realistic d imensi ons, 
mounted on a water chamber manometer to s imu late the real eye conditions. Unfortunately, the material 
(Hefi lco n B, 45% water content) of the corneal analogue was not stable enough for the test, and suitable 
materials h ave not been found to date. The procedure was then applied to 40 human eyes (20 subjects) 
and the calculated IOP compared to the IOP measured by Goldmann tonometry. The differences between 
IOP's measured by the two methods were not statistically significant (0.05 level) and were uncorrelated 
with 1 the amount of corneal toricity and cylinder axis orientation. The major problem with existing 
apparatus appears to be inadequate resolution when measuring the force required to applanate the 
cornea. However, the procedure should ultimately be capable of verification o n a corneal analog u e of 
suitable mate rial that is subjected to a known simulated IOP. 
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ABSTRACT: 
A laboratory procedure for quantification of corneal rigidity factor (l) and the 
true intraocular pressure ( IOP) has been developed in this study and is named 
Lamometry. It uti l izes corneal applanation principles, requi ring at least two 
central corneal applanations of d ifferent diameters (between 2 and 3 mm) . 
The forces in g rams (accurate to second decimal p lace) needed to applanate 
the determined areas , together with data on the corneal geometric characteristics 
( e.g .: horizontal l imbal diameter, radius of curvatu re of the front surface and 
central th ickness of the cornea) are used in the calcu lation of L (in Lams or 
gm/mm2) and IOP ( in mm Hg) of the eye. The IOP thus measured is, in theory, 
independent of the geometric characteristics and rig idity of the cornea because 
the mathematical equations al locate a certain fraction of the applied applanating 
force to the resistance due to corneal rig idity, and the rest of the force to the 
resistance offered by the IOP. Certain assumptions are made to simplify the 
calcu lations. 
The in itial attempt to verify the procedure was by use of a corneal analogue of 
realistic d imensions, mounted on a water chamber manometer to s imu late the 
real eye condit ions. Unfortunately, the material (Hefi lcon B, 45% water content) 
of the corneal analogue was not stable enough for the test, and suitable materials 
have not been found to date. The procedure was then appl ied to 40 human eyes 
(20 subjects) and the calculated IOP compared to the IOP measured by 
Goldmann tonometry. The differences between IOP's measured by the two 
methods were not statistical ly significant (0.05 level) and were unco rrelated with 
1 
the amount of corneal toricity and cyl inder axis o rientation. The major p roblem 
with existing apparatus appears to be i nadequate resolution when measuring the 
force required to applanate the cornea. However, the procedure should 
u lt imately be capable of verification on a corneal analogue of suitable material 
that is subjected to a known simulated IOP.  
2 
INTRODUCTION: 
Corneal rigidity is one of the least studied ocu lar properties to date. However, 
it has been impl icated as playing some role in a number of cl inical conditions in 
the eye care f ield, for example,  reduction in ocu lar rigidity in  keratoconus (Brooks, 
et al , 1984) , and corneal warpage syndrome related to contact lens wear (Brown, 
1980) .  It is also suspected to affect the cl in ical efficacy of o rthokerato logy (Poise, 
et al , 1983a and 1983b) . Therefore , it seems appropriate that a device shou ld be 
available for the quantification of this ocu lar property. 
In this pi lot study, efforts were made to define corneal rig id ity in an engineeri ng 
way, in  terms of corneal rigid ity factor L ,  which has the units gm/mm2 or Lams. L 
is a function  of Young's Modulus and Poisson's ratio of the corneal tissues (see 
Appendix D). 
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L ITERATURE REVIEW: 
Early methods of measuring corneal rigidity. 
Nash,  et al ( 1 982) used mechanical stress-strain tests on strips of human 
cornea, where the cornea was g lued to the arms of an extensiometer. Strain was 
measured with an e lectromag netic displacement probe. The entire apparatus 
was i mmersed in a thermoregulated mineral oi l  bath to maintain constant corneal 
hydration .  The calculated values of the stiffen ing constants a ranged from 34 to 
82 , with keratoconic corneas yielding lower a and hig her A values (another 
e lastic parameter) than the no rmal co ntro ls .  However the contro l corneas had 
th icknesses ranging from 0.81 to 1 .1 9  m m ,  and the keratocon ic corneas ranged 
from 0.38 to 1 .20 mm in  th ickness. 
Andreassen ,  et al ( 1 980) used basical ly the same method as above except 
that the corneal strip was clamped at both ends, rather than bei ng g lued. Nash , 
et al ( 1 982) argued that gluing should be a better method than clamping because 
the strip mig ht slip between clamps and introduce measurement errors. 
Orthokeratology: 
O rthokeratology (OK) is a cl i nical procedure i n  wh ich a series of contact lenses 
is used to flatte n the central corneal curvature , thereby reduci ng the degree of 
myopia. Useful ness of the procedure is controversial at present and some 
studies have been carried out to evaluate the cl i n ical efficacy of the procedure. 
Binder and associates ( 1 980) studied a g roup of OK patients and found that 
some patients had variable,  unpredictable and uncontro l lable responses, and 
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others had good responses. Once le nses were removed , the corneal parameters 
returned toward prefit levels . They suggested that patients with good responses 
were low myopes (average about 3.78 D) ,  about 2 D lower than that in the no 
response g roup. Corneas with a spherical contour did not respond to OK, whi le 
those with peripheral flattening sometimes responded. However, changes in the 
peripheral cornea did not d i rectly correlate with changes in refractive error or 
unaided vision .  S mall deg ree against-the-rule corneal astigmatism was more 
likely to give good results. Despite al l these possibly favorable features of the OK 
patients, they sti l l  could not assess the "permanency" of the induced changes. 
Poise, et al ( 1 983a) compared patie nts in an OK group with patients in  a 
control group who wore conventional rigid contact lenses. After an average of 
444 days of contact lens wear the OK group showed a mean reduction of 1.01 D 
compared with 0.54 D i n  the contro l group ( p = 0.02 ). Corneal curvature 
decreased in both OK and control groups. Afte r disconti nuation of contact lens 
wear, the refractive error fluctuated considerably during the pe riod of fol low-up 
and these fluctuations tended to be larger in those subjects who had shown 
greater change in refractive error, and ocular characte ristics returned steadi ly 
toward baseli ne levels. N inety-five days after disco ntinuation of lens wear, the 
refractive error had returned 75 and 69% of the way to basel ine levels for the OK 
and contro l g roups , respective ly. Unaided vision and corneal curvature showed 
similar rebound during this t ime pe riod. They concluded that the reduction in  
myopia was not permanent, and postu lated that the cornea is  e ither h igh ly e lastic 
o r  has some other memory mechanism (Poise, et a l ,  1983b). 
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Coon ( 1 984) compared a g roup of OK patients with a g roup of controls, and 
found that in  both g roups, the average cornea became less aspheric with time ,  
approaching a shape facto r of  zero (which descri bes a sphere). S imi lar  find ings 
have been described by other  orthokeratologists (May , 1974; Kerns, 1976; 
Freeman , 1976; Freeman,  1 978). Based on ultrasound data, Coon  fou nd that 
there was an i nsig n ificant tendency toward central corneal thickening i n  the 
contro l g roup and a statistically sign ificant central corneal th in n i ng (approx. 0.02 
m m) in the OK g roup. Pachometry revealed peripheral corneal thickeni ng for 
both g roups. 
Applanation tonometry and central corneal thickness: 
Literature on th is topic is sparse. However, useful i nformation  can be 
extracted fro m  studies of E hlers and associates ( 1 975) who fou nd that in human 
eyes with normal corneal thickness , tonometer readings and hydrostatic pressure 
coincided ; with thick corneas, readings were too h ig h ;  with th in  corneas, too low. 
The correlation between corneal th ickness and error of applanation tonometry 
(�P) was statistically hig h ly sig n ificant ( p < 0.001 ). No statistical corre lation 
could be established between corneal radius and �P. By multiple reg ression ,  the 
correlat ion coefficient, taking th ickness as wel l  as radius i nto consideratio n ,  was 
on ly slig htly h igher than for thickness alone.  They co ncluded that ..1P could be 
described as a fu nction of corneal th ickness ,  such that with central corneal 
th icknesses of 0.46 to 0.58 mm, a variation of 0.04 m m  in corneal th ickness was 
associated with a variation in measured IOP of 2.5 m m  Hg. 
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A case of apparently h ig h  tonometry IOP (30-40 m m  Hg) due to a th ick cornea 
(0.90 mm) was repo rted by Joh nson, et al (1978), in which the true IOP was found 
to  be 11  mm Hg upon cannu lation of  the ante rior chamber with a No.  27-gauge 
needle. 
Ocular rigidity in keratoconus: 
Foster and Yamamoto ( 1 978) studied the deformabil ity of the corneoscle ral 
e nvelope i n  vivo in  patients with keratoco nus and i n  no rmal age-matched 
controls by comparing their  coefficients of ocu lar rigid ity, E, calcu lated by the 
Friedenwald Nomogram (Friedenwald, 1937). They fou nd that 96% of patients 
with keratoconus had an E value that did not differ sig n ificantly f rom that of 
controls. However, they suspected that use of the nomogram on keratoconic 
eyes may be too g ross because it is subject to many artifacts , especially the 
markedly thinned corneas, and concluded that curre nt c lin ical techniques for 
determin ing E can not accu rately reflect the viscoelastic prope rties of eyes with 
keratocon us. 
Nash, et al (1982) used strips of co rnea from keratoconic and normal control  
eyes and studied thei r stress-strain behavio r with an extensiometer. They 
showed that withi n  the physiological strain range (below 2.5%), there was very 
litt le difference i n  the overal l e lastic behavior of the keratoconic and normal 
corneas. However, at h ig h  strain levels (above 2.5%) , the keratoconic corneas 
appeared weaker than normal corneas , which was also found by Andreassen, et 
al ( 1 980). 
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Davies and Ruben (1975) , on  the basis of c l in ical observations of prolapse of 
intraocular contents at the t ime of penetrating keratoplasty for keratoconus , stated 
that ocular rigidity seemed to be abnormally low i n  keratoconus. 
A more convinci ng study by Brooks and associates ( 1 984) showed that i n  
patients with uni lateral keratoconus ,  the clinically unaffected eye had normal 
ocular rigidity of 0.020 m m-3 (Friedenwald , 1937; Duke-Elder, 1 968) and the 
affected fe l low eye had reduced ocular rigidity, which was more obvious when 
corneal th inni ng was 40% or  more. However,  the ocular rigidity returned to 
normal fol lowing co rneal g rafting , i ndicating that corneal e lasticity was not 
negl igible and differed from those of Friedenwald , who related changes in ocular 
rigidity to altered corneal curvature and ocular volume, rather than to variations i n  
corneal  e lasticity. They concluded that the  reduced ocular rigidity i n  keratoconus 
was large ly due to reduced corneal rigidity and suggested that the presence of 
corneal th inning and I or reduced ocular rigidity shou ld be taken i nto account 
when  the IOP is measured by Goldmann tonometry because the IOP is 
underestimated under these co nditions. 
Contact-lens-related corneal warpage and keratoconus: 
Cases of corneal warpage have been reported to develop in "successful" 
long-term PMMA contact lens wearers (Hartstein, 1965; Hartstein ,  1966; Rubin ,  
1 967; Brown , 1980 ; Levenson, 1983). A sim ilar syndrome was also reported to 
occur in soft contact lens wearers (Baldone,  1 975 ; Morgan, 1975; Kaufman, 
1 979). Baldone initially found a case where the patient's corneal curvature 
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steepened by more than 1 .5 D after 30 days of gel lens wear and subsequently 
found another 28 patients (34 eyes) of the same category (corneal curvature 
steepened over 0.75 D), although in  all cases the changes were t ransient, 
cleari ng in  1 -12 weeks. The soft lens syndrome occurs i n  less than 2-3% of soft 
ge l  lens wearers and can be reversed by fitt ing flatter basecurve soft lenses, 
according to Baldone.  
A number of authors (Hartste in, 1968; Hardie and Hartstei n, 1 969 ; Nauhei m, 
1969 ; Mark, 1974; Nauheim and Perry, 1 985) have observed the development of 
keratoconus in contact lens weare rs. According to Nauhei m and Perry (1985), 
contact- lens-associated ke ratoconus rare ly prog resses to the poi nt at which 
keratoplasty is required. 
Hartstei n  and Becker (1970) investigated the ocular rigidity coefficie nt, E, of 3 
g roups of hard contact lens wearers : ( 1 ) patients with no astigmatism or  
keratoconus, (2) those i n  whom with-the-rule astig matism developed, and (3) 
those i n  whom keratoconus deve loped. They found that patients in group (1) had 
normal values of E, those in g roup (2) had i ntermediate values of E ,  and those i n  
group (3) had unusually low values o f  E .  
Kaiser-Kupfer and associates ( 1 981) found that ocular rig idity is reduced in  
patients with osteogenesis imperfecta , and attributed th is  to the i ncreased 
distensib i l ity of the ocular coats. 
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JUSTIFICATION : 
The topic of corneal rigidity, o r  the stiffe n i ng constant (e lastic parameter) as 
defined by previous investigators (Andreassen, et al , 1 980 ; Nash ,  et al , 1 982) ,  
has been raised and some methods for its quantification developed. However, 
early methods were appl ied to strips of cornea in vitro and the measurement was 
performed with an extensiometer. Such invasive methods are obviously not 
applicable to corneas in vivo , and a non i nvasive approach has not been 
developed to date. If a device that can quantify corneal rig idity by a noninvasive 
method were available, it could have many cli n ical applications. 
Studies of orthokerato logy (OK) indicate that results of the procedure are 
variable (Bi nder, et al , 1980; Poise , et al , 1 983a; Poise, et al , 1 983b; Coon, 1984) 
and there see m to be no real guidel i nes to predict the cl inical outcome of the 
procedure .  Current literature on  OK gives the impression that some patients 
respond to OK better than othe rs, and reduction in myopia in some patients 
persists longer than it does in others. No cl in ician has been able to explain these 
phenomena satisfactorily to date , althoug h Poise and associates ( 1 983b) 
hypothesized the existence of a plastic I elast ic memory mechanism in corneal 
tissues. This author suspects that the role of corneal rigidity may have been 
overlooked when one attempts to explain the variabilities of the p rocedure. It is 
clear that the sole mechanism of OK is to flatten corneal curvature in o rder to 
reduce corneal refract ive powe r, and when a material is bent, its stiffness 
determines the ease of bending whi le its e lasticity determines the le ngth of time 
needed for it to return to its o riginal configuration .  
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Applanation  and other  tonometers are cal ibrated on the assumption of a 
central corneal thickness of 0 .50 m m  (Go ldmann and Schmidt, 1957; Johnson, et 
al, 1978) .  It has been found that i n  normal eyes, with central corneal th ickness of 
0.46 to 0 .58 mm, a variation of 0.04 m m  in corneal thickness is associated with a 
variatio n  i n  measured IOP of 2.5 m m  Hg with the use of applanation  tonometry 
(Eh le r, et al ,  1975). This author bel ieves that corneal rig idity factor L cou ld vary 
with different corneas and a thick cornea of low L could, in  theory,  produce an 
identical resistance to bendi ng as does a th in cornea of h igh L. Therefo re, 
corrections of measured IOP according to variations i n  corneal th ickness may 
introduce erros to the "true" IOP. 
I t  has been reported that long term contact lens wear (hard or gel lenses) can 
sometimes induce corneal warpage with resultant i rregu lar astigmatism 
(Baldone ,  1 975; Kaufman,  1979; Levenson ,  1983) , and keratoconus (Nau heim 
and Perry, 1985) .  An interesting study by Hartstei n  and Becker ( 1 970) showed 
that in hard contact lens wearers , ocular rig id ity was normal in those who did not 
develop astigmatism, i ntermediate i n  those who developed with-the-rule 
astigmatism ,  and low i n  those who developed keratoconus. Therefore , questions 
arise, "Do the damaged corneas have a high or low L ?" "Does long-term contact 
lens wear have any effect on corneal rigidity?" It wi l l  be difficult to answer these 
questions without havi ng a means to quantify L .  
Our  understanding of  keratoconus is improving, e .g . ,  Brooks, et  a l  ( 1 984) 
showed that in patients with un i lateral keratoconus, ocu lar rig idity was normal in  
the unaffected eye and reduced in  the affected fe llow eye. They fu rther  found that 
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after keratoplasty the ocular rigidity of a keratoconic eye returned to normal, 
i ndicati ng that reduced ocular rigidity in keratoconus was largely due to the 
reduced corneal rig idity (stiffness) . Experi ments on keratoconic corneas with an 
extensiometer showed that at low strain leve l (below 2 .5%) the g ross mechanical 
behaviours of the keratocon ic and normal corneas were si milar, with the 
keratoconic corneas requiring s l ightly more stress (g m/mm2) to produce a unit  
change i n  strain (Nash, et al ,  1 982). However, at high strain levels (above 2.5%), 
the keratoconic corneas were sig nificant ly more extensible than normal corneas 
(Andreassen, et al, 1980; Nash, et al, 1982). If L could be quantif ied i n  a 
progressing keratoconic eye ,  it would add to our  understandi ng of the disease. 
In radial keratotomy it might help to know the patient's L before surgery 
( Mandell, 1985) as this cou ld aid i n  predicting how the postoperative cornea 
would heal and flex to affect the future refractive status of the eye . 
1 2  
STATEMENT OF THE PROBLEM : 
The problem dealt with i n  this study is to investigate the most appropriate 
noni nvasive method to quantify corneal rigidity factor i n  vivo. The desired goal 
would be to construct a device that is easily used i n  the clin ic. 
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METHODS: 
I .  Theories: 
A. Simplificat ions of corneal model: 
1. The cornea has constant thickness fro m  center to per iphery. 
2. As a result of (1 ) , the front and back surfaces of the cornea are regarded as 
concentric and parallel. 
3. The corneal surfaces are spherical. 
4. The cornea has the following approximate dime nsions: limbal diameter 
equals 12 mm (see Wolff, third edition) ; radius of curvature of the front 
corneal surface equals?.8 mm (see Moses, 1981 ) ;  and ce ntral corneal 
th ickness equals 0 .56 mm (see Moses, 1981 ) . These d imensions are used 
as guides for simplifying derivation of the formulae. 
5. The corneal epitheliu m  is considered a perfect layer for transmission of any 
applied force, and the epithe lial cells do not deform when compressed by 
an applanat ing probe. 
6. The volume of the aqueous h umour displaced is regarded as so small as to 
leave the IOP undisturbed . 
7. The center of the applanated corneal area is the apex of the corneal dome. 
8. The coefficient of surface tension of lacrimal fluid (tears) is that of water. 
9. Deformation of the corneal tissue does not exceed the elastic limit for 
strains imposed in this study. 
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B. Concepts: 
When the force F required to applanate a hu man cornea over a certai n area is 
appl ied (see Fig. 1 ) ,  it is resisted by both the IOP (force Fp), and the corneal 
rig idity (force Fr). There is, also, a small force Fs due to surface tension of the tear 
meniscus surrounding the circumference of the applanated area between the flat 
probe surface and the outer corneal surface , wh ich acts i n  the same direction as 
F. Hence, the following equati on , 
F + Fs = Fp + Fr ---------- (1 ) 
where 
F, in grams, is read off the drum of a Goldman n tonometer. 
Fs = 2 7t r1 S ( S is the coefficient of surface tension of water and is 
equal to 7.4187 x 1 o-3 gm/mm). 
fp = 7t (r2)2 P ( P is the IOP in  g m/mm2 ) .  
Fr i s  i n  grams and its mathematical expression i s  shown i n  Appendix D. 
r1 and r2 , both in mm,  are the radii of the applanated circu lar area shown in Fig.1, 
and the relation between them is detai led in the next sect ion. 
C. The exact mathematical relatio n between r1 and r2 is : 
(r2)2 = A1 + [ A2 - (A3 + A4) ]112 ---------- (2) 
where 
A1 = [ 2 R1 R2 + (r1)2 - 2(R1)2] 
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Fig. 1 :  Components of forces act ing on the applanated cornea. 
l
F l F
, 
1: 
Front 
Rig id base r 
F• 
r F
, 
Rig id base 
d 
R1 (mm) = Radius of cu rvature of front corneal surface , or  the arithmetic mean of 
the radii of cu rvature along the principle meridians in the case of a 
toric cornea. 
R2 (mm) = Radius of cu rvature of back corneal surface . 
t (mm) = Thickness of the cornea. 
R2 = R1 - t .  
r1 (mm) = Radius of  the circu lar applanated area of front corneal surface. 
r2 (mm) = Radius of the ci rcular applanated area of back co rneal surface. 
F (gm) = Applied applanating force. 
Fs (gm) = Force due to the surface tension of the tear meniscus. 
Fp (gm) = Force due to the intraocu lar pressure ( IOP).  
Fr (gm) = Force due to corneal rig idity resisting the deformation. 
d (mm) = L imbal diamete r. 
A2 = [2( R1)2 - 2  R1 R2 - (r1)2]2 
A3 = [ 4(R2)2 - 4 R1 R2] (r1)2 
A4 = (r1)4 
Refer to Fig . I for the symbo ls used i n  the above expressions. 
The expression holds true whether  the center of curvatu re of the front corneal 
su rface coi ncides with that of the back su rface or not. 
D .  The vo lume (V) of the displaced aqueous humou r is :  
v = 81 + 82 -83 
where 
81 = (1 /3) 1t [ ( R2)2- (r2)2 ]312 
82 = (2/3) 1t ( R2)3 
83 = 1t (R2)2 [ (R2)2 - ( r2)2 ]112 
Refer to Fig.1 for the symbols used. 
R2 and r2 need to be calculated fi rst prior  to f inding the value of V .  
See Table 1 ,  Appendix E for the values of  displaced aqueous humour for 
d ifferent app lanation areas. 
I I .  Apparatus :  
The  app lied force is  supplied by  the  main  body o f  a Goldmann tonometer; 
however, the Goldman n tonometer dru m  reads to 0.2 gm which is not f ine 
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enoug h for the procedure (see Tables Sa, Sb and Sc, Appendix E for the 
sensitivity of the procedure to variations in the applied forces). A vernier scale is 
added to the d rum to increase the resolution to 0.02 gm.  
Because different sizes of  applanation areas are needed, the customary 
Goldmann probe does not suffice. A Helmholtz image splitter, H I S  (Barish,  1970) , 
is used in place of the fixed double prisms of a Goldmann probe (see Appendices 
A and B for its construction and method of cal ibration, respectively), and appears 
to allow accuracy to within 0.01 mm on  repeated calibration tests. 
An applanation probe was custom made to simulate the Goldmann probe 
except that the fo rmer does not incorporate double prisms. The custom made 
probe meets the requirement of weigh ing no more than 1.6 gm, the weight of the 
orig inal Goldmann probe. The Lamometer probe is lathe cut fro m an acryl ic rod. 
The applanating  surface is made of a transparent polycarbonate button ,  fixed to 
the front of the probe with cyanoacrylate monomer (Super Glue, quick gel) . 
Before each use the probe is sterilized with 3% hydrogen peroxide so lution for at 
least 1 O minutes , which has the additional effect of ki l li ng the A IDS vi rus 
(Gatoura, 1986). It should be noted that alcohol must not be used to sterilize the 
probe because it attacks acrylic and causes crevices in acrylic material. 
I l l .  Procedure: 
A. Data taking on a corneal analogue: 
The set up of the corneal analogue and simu lation  of IOP are shown in 
Appendix C and Fig . 4. The pu rpose of using a corneal analogue was to 
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establish the validity of L amometry as a means of estimating the true !OP and 
corneal r igidity of an eye. The analogue was made of hydrophi l ic  soft contact 
lens material (Hefi lcon B, 45% water content). Because the method was 
designed to al low computation of both the !OP and the rig id ity factor of the 
material and because Young's modu lus and Poisson's ratio of the material were 
not avai lable ,  the rigidity facto r wou ld be in ferred to be correct if the computed 
IOP agreed with the real IOP generated by the wate r manometer. 
Unfortunate ly, the material (Hefilcon B) was too u nstable to keep the 
d imensions constant during the data taking period. Graph 1 shows that in the fi rst 
48 m inutes of exposure to air the front curve of the corneal analogue flattened 
dramatical ly and the vertical and the horizontal front curves did not flatten at an 
equal rate. After 56 m inutes of air exposure, however, the front curves appeared 
to stabi l ize and readi ngs were taken .  
The data obtained were too scattered to  perm it meaningful calcu lations. I t  was 
also found that after data taki ng,  the front curve of the analogue became much 
steeper than before, which was bel ieved to be due to differential hydration of the 
central port ion of the analogue as the applied fluoresoft solution (0.35% 
f luorexon i n  isoton ic sal ine) tended to gather around the applanation probe . 
Another problem was that the corneal analogue showed hysteresis effects 
after applanation (Graphs 2 and 3). Both g raphs 2 and 3 were generated by 
p lotting the forces required to applanate a fixed amount of central area of the 
analogue  against known IOP's determined by the water manometer. Graph 2 
was generated when the IOP was first i ncreased from a low to a high value and 
1 8  
Changes in front radius of artificial cornea (in air) with time. 
Graph 1 
8. 0 Vertical meridian 
7.5 
Horizontal meridian 
mm 
7. 0  
1 51 61 
6.5 I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I I lQ 
11 21 31 41 
Time (minutes) 
Nonlinearity of Goldmann tonometer readings on Hefilcon B artificial cornea as tested against known IOP's 
Goldmann readings 
(gm) 
7.5 
7. 0 
6.5 -
6. 0 
Readings taken as 
IOP is decreased 
(done second) 
Graph 2 
Readings taken as 
IOP is increased 
(done first) 
5.5 -1-------+-----+----11------+-----ii----+------t-----4
1 0  12 1 4  16 1 8  20 22 24 26 
Real IOP (mm Hg) 
Nonlinearity of Goldmann tonometer readings on Hefilcon B artificial cornea as tested against known IOP's 
Goldmann readings 
(gm) 
Graph 3 
8.5 
8. 0 
Readings taken as 
IOP is increased 
(done secon_d) 
7.5 ·-
1 
/ - ---======= , � - -7. 0 l-------<7 Readings taken as 
IOP is decreased 
(done first) 
6.5 +----+-----+---+-----+------+---+-----+----t 
1 0  12 1 4  16 1 8  20 22 24 26 
Real IOP (mm Hg) 
then decreased from the h igh value back to the original low value.  Graph 3 was 
generated by reversing the procedure used to obtain data for Graph 2. It can be 
seen that the applied force did not change at an equal predictable rate with the 
change in the IOP. Because of the complications with the corneal ana logue, th is 
procedure was abandoned , and research was begun on human subjects. 
B. Data taking on human subjects : 
Twenty subjects participated in the experiment. One subject was 60 years old, 
the rest ranged from the early twenties to mid thirties. There was no apparent 
ocu lar patho logy. No attempt was made to exclude subjects with any amount 
and type of corneal astigmatism, or contact lens (soft or hard)  weare rs. 
A lthough only 2 applanation areas were needed for the calcu lation of IOP and 
corneal rig idity factor of a g iven eye, 3 applanation areas were used, allowing a 
more thorough analysis. The 3 areas had a diameter of 2.24, 2.50 and 2.73 mm,  
respectively. 
Readings were taken from the smallest area fi rst , then the intermediate, and 
finally the largest. Next, Goldmann tonometry (applanation diameter 3.06 mm) 
was performed in the customary manner to  obtain the subject's IOP. It is  
i mportant to take data from smal lest area first, as it w i l l  displace the s mallest 
aqueous volume and hence distu rb the IOP least. For volumes of d isplaced 
aqueous humour at d i ffe rent applanation areas, see Table 1 ,  Appendix E .  
The  magnification o f  the  biomicroscope used was 1 OX. I t  was very i mportant 
to achieve correct al ignment of the i mages of the applanation area, which 
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approximated ci rcles i n  shape, and to obtain the correct appl ied force. The end 
poi nt of applanation  was reached when the 2 ci rcles were aligned, with the inside 
of one ci rcle meeting the inside of the other. It may be easier to accomplish this if 
a force that is sl ightly g reater than necessary is i n it ial ly appl ied to obtain a sl ightly 
larger applanation area so there is a definite dark area between the insides of the 
2 i mages. Then the applied force is reduced slowly unti l the dark area just 
disappears. 
Data col lected was: radius of curvature of front corneal su rface by keratometry 
( R1 ); horizontal limbal d iamete r (d) with a P.O. ru le ;  three forces F1, F2 and F3 that 
applanated predetermined front corneal areas of different rad i i ,  r1 1 ; r 1 2 and r 1 3 
' ' 
' ' 
respective ly ; central corneal th ickness (t) by an electronic dig ital pachometer 
(accurate to 0.001 mm) ;  and the Go ldmann IOP (G) .  The Goldmann IOP served 
as a reference to which the calculated IOP was compared. 
Subjects were prepared as fo l lows : 
1.  S ubjects were briefed on the procedure .  
2 .  Keratometry was performed along the principal meridians of the front corneal 
surface of each eye. 
3. Horizontal l imbal d iamete r was measured with a P.O. ru le.  
4. The non-applanated eye was covered by an opaque occluder to encourage 
the test eye to look straight ahead .  
5 .  F luorocaine solution (0.25% fluorescein, 0.5% proparacaine HCI) was used 
to anesthetize the test eye . 
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6. The subject was seated comfortably in  front of a s l it lamp b iomicroscope with 
ch in  on the chin rest, and fore head firmly against the foreheadrest. 
7. Room i l l umination was turned off to enhance the contrast of the applanation 
circle. The sl i t  lamp was turned on ,  and diffuse u .v. i l l um ination fro m  the 
lamp was d irected onto the eye. 
8. The subject was instructed to look i nto the "tunnel" of the probe or, if this were 
not possible, to look straight ahead and keep the eye as steady as possible. 
The subject was encouraged not to blink when the probe was on the eye .  
9. Except for the measurement of Go ldmann IOP, al l  other applanations were 
done with the custom-made probe, starting with the smallest area and 
finish ing with the largest. 
1 0. After each al ig nment of the circle i mages, the probe was removed from the 
eye and the subject i nstructed to close the eye. This al lowed for greater 
retention of f luorescein solution on the cornea. 
1 1 .  The value of the applied force was read off the Goldmann d ru m. 
1 2. The subject was then told to open the eye for the next applanation. 
1 3. At least 3 readings were taken for each applanation area. The criteria for 
taking readi ngs were as fo l lows : 
(a) If none of the first th ree readings was greater or smaller than the other 2 
by more than 0. 1 O g m, the 3 readings were accepted, and the 
experimenter proceeded to the next larger applanation area. 
(b) If one of the first 3 readings differed by more than 0. 1 O g m ,  another 
reading was taken. 
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( i )  If the fourth reading did not differ from the 2 closest by more than 0. 1 O 
g m ,  the fourth reading was accepted , and the most deviant one in (b) 
was discarded. 
( i i )  I f  the fourth reading differed from the 2 closest readings by more than 
0 .10 gm,  this fourth reading was accepted (but see condition  d) and 
th is particu lar applanation area was calculated with 4 read ings. 
(c) In each case , the arithmetic mean of the accepted readings was used in 
the calcu lation. 
(d) If the highest and the lowest read ings were more than 0.20 gm apart, 
then maybe 1) there was excessive experimental uncertainty from 
unknown causes; 2) the subject was too apprehensive; or 3) the subject's 
fixat ion was not steady. In this case, al l  the readings were d iscarded 
until the problems were identi fied and corrected. 
14. Whenever the subject began to feel  the applanation probe, another drop of 
f luorocaine was insti l led into the eye to pro long the anesthesia. 
15. When Goldmann tonometry was performed , the Helmho ltz image splitter was 
placed i n  the neutral position ( the 2 plastic slabs paral le l  to each other and 
at r ight ang les to the axis of the m icroscope). 
16. After the experiment, the eyes were checked for abrasions. The eyes were 
then irrigated with normal preserved saline. If any abrasions were noted, 
the subject would be re-examined next day to make sure the abrasions had 
healed. 
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RESULTS: 
Nineteen males and one female served as subjects for the experiment. Both 
right and left eyes were tested. The results of both Goldmann tonometry and 
Lamometry are shown i n  Table 3. 
To obtai n the calcu lated IOP and the rigidity factor, on ly two d ifferent 
applanation areas are requ i red; but three d ifferent applanation  areas were used 
in the experiment as it wou ld give rise to three calcu lated IOP and rig idity values 
from combinations of three different pairs of them. 
By i nspecting the calculated IOP's (A, B and C) and the rigidity factors (LA, LB 
and LC) for i ndividual subjects, one sees that A, B and C do not always g ive 
s im i lar values; nor do LA, L B  and LC. The symbols used are i l lustrated in Tables 
3 and 4. 
Table 4 shows the differences between Goldmann and Lamometry IOP's (G-A, 
G-B, G-C and G-i, whe re i = [A+B+C]/3). 
A series of T-tests, Pearson corre lation tests, single factor analysis of variance 
for repeated measu res (F-test) and point biserial co rre lation tests were performed 
to analyse the statistical significance of the variables i nvolved. 
(1) T-tests (hypothesized popu lation mean is zero in each case) :  
Sample(s) T value 
OD: G vs A  1.086 
G vs B 1.695 
G vs C  1.896 
G - i 1.937 
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df 
38 
38 
38 
19 
T-tests (co nt., hypothesized population mean is zero i n  each case): 
Sample(s) T value df 
OS: G vs A  0.916 38 
G vs B 0.785 38 
G vs C  0.262 38 
G - i 0.911 19 
(2) Pearson product-moment correlation coefficient ( r) tests : 
Samples r value df 
OD: G vs A  0.277 18 
G vs B  0.184 18 
G vs C  -0.051 18 
G vs i  0.149 18 
(G- A) vs t -0.333 18 
(G-A) vs AST -0.341 18 
(G- A) vs L A  0.907 ** 18 
L A  vs t -0.241 18 
L A  vs AST -0.359 18 
(G-B) vs t -0.135 18 
(G-B) vs AST -0.406 18 
(G-B) vs L B  0.917 ** 18 
LBvs t 0.100 18 
L B  vs AST -0.519 * 18 
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Pearson product-moment co rre lation  coefficient (r) tests (cont . ) :  
Samples r value df 
(G-C) vs t 0.183 18 
(G-C) vs AST -0.317 18 
(G- C) vs LC 0.968 ** 18 
LCvs t 0.299 18 
LC vs AST -0.361 18 
OS: Gvs A 0.365 18 
Gvs B 0.396 18 
Gvs C 0.297 18 
Gvs i 0.399 18 
(G-A) vs t 0.173 18 
(G-A) vs AST -0.180 18 
(G-A) vs LA 0.945 ** 18 
LA vs t 0.159 18 
LA vs AST -0.232 18 
(G- B) vs t 0.139 18 
(G- B) vs AST -0.179 18 
(G-B) vs LB 0.929 ** 18 
LB vst 0.140 18 
LB vs AST -0.305 18 
(G-C) vs t 0.000 18 
(G-C) vs AST -0.094 18 
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Pearson product-moment correlation coefficient (r) tests (cont . ) :  
Samples r value df 
(G-C) vs LC 0.920 ** 18 
LC vs t 
LC vs AST 
(3) F-tests : 
0.013 
-0.192 
OD: A vs B vs C:  F = 0 .762 ( df = 2, 38 ) 
OS: A vs B vs C: F = 0.647 ( df = 2, 38 ) 
18 
18 
(4) Point biserial corre lation test (nonparametric) to test the relationsh ip 
between the d ifference of G and A,  B or C and the type of corneal astigmatism 
(with the ru le or against the rule) :  
Sample size: with the rule , 24 eyes 
Against the rule, 11 eyes 
For G-A (OU) , Rpbi= 0 .02 
For G-B (OU), Rpbi = 0.07 
For G-C (OU), Rpbi = 0 .11 
For G-i (OU) , Rpbi = 0.08 
Correlation tests below were pe rformed on eyes# 2 , 6, 8 ,  11, 12, 21, 22, 25, 
26, 31, 33 and 34. These twelve eyes produced data different from other eyes in 
that none of the calculated !OP and L values were negative , and none of the 
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resu lting L values ( L A ,  L B  and L C) d iffered from the respective mean L (L ave) by 
greater than 50%. 
(5) Pearson product-moment correlation coefficient ( r) tests : 
Samples r value df 
G vs A  0.391 10 
G vs B  0.479 10 
G vs C  0.585 * 10 
G vs i  0.497 10 
(G-A) vs t -0.212 10 
(G-A) vs AST 0.718 ** 10 
(G-A) vs LA 0.915 ** 10 
LA vs t -0.229 10 
LA vs AST 0.559 10 
(G-8) vs t -0.286 10 
(G-8) vs AST 0.706 ** 10 
(G-8) vs LB 0.852 ** 10 
LBvs t -0.335 10 
L B  vs AST 0.454 10 
(G-C) vs t -0.387 10 
(G-C) vs AST 0.598 * 10 
(G-C) vs LC 0.869 ** 10 
L C  vs t -0.381 10 
LC vs AST -0.308 10 
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Pearson product-moment c;:orre lation coefficient ( r) tests (cont.): 
Samples r value df 
(G-i) vs t -0.336 10 
(G-i) vs AST 0.767 ** 10 
(G-i) vs Lave 0.814 ** 10 
Lave vs t -0.332 10 
Lave vs AST 0.459 10 
Lave vs LA 0.922 ** 10 
Lave vs LB 0.999 ** 10 
L ave vs LC 0.938 ** 10 
(6) Point biserial correlation test (nonparametric) to test the re lationship 
between the d iffe rence of G and A, B or C and the type of corneal astigmatism 
(with the rule or against the ru le) .  Only ten eyes were used because eyes# 21 
and 22 we re spherical . 
Sample size : with the rule , 5 eyes 
Against the ru le, 5 eyes 
For G-A, Rpbi = 0.60 
For G-8, Rpbi = 0.58 
For G-C, Rpbi = 0.50 
For G-i ,  Rpbi = 0 .57 
* Significant at 0 .05 leve l for two-tai led t-test. 
** Significant at 0 .01 leve l for two-tai led t-test. 
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DISCUSSION AND CONCLU SION S :  
When al l  eyes are considered Pearson product-moment correlation coefficient 
tests reveal low corre lations between Gold mann IOP and values of A, B and C. 
This may be due to the fact that Goldmann tonometry is based on the assu mption 
that the cornea has a central thickness of 0.50 mm (Goldmann, 1957), which was 
not always the case i n  the experiment. Fu rthermore , different corneas may have 
different values of corneal rig idity factor, result ing i n  variations in mag n itude of 
the force due to corneal rigidity , and therefore i n  the calculated IOP's. The 
apparently h ig h  corre lations between corneal rigid ity factors (LA, LB and LC) and 
the corresponding differences between Goldmann tonometry and Lamometry 
findi ngs (G-A, G-8 and G-C) are di rect consequences of the relation between Fp 
and Fr as establ ished i n  equation (1 ) ,  wh ich is F + Fs = Fp + Fr. The equation 
i mpl ies that for g iven values of F and Fs, an i ncrease i n  fp wi l l  necessarily lead to 
a reduction in Fr, and vice versa. Resu lts from "point biserial correlation tests" 
indicate that axis orie ntation of corneal astigmatism does not affect the calcu lated 
IOP (and therefore L) .  
T-tests reveal that differences between Goldmann IOP and the 3 calculated 
IOP's (A, B and C) are not statistical ly sig nificant. Low F values of the F-tests 
indicate litt le differences between uses of different pai rs of applanation 
d iameters .  However, the calculated IOP's do differ to varying extents with the 
choice of applanation areas, and the values ofte n differ from the Goldmann IOP 
by clinically significant amounts (see Table  4) .  The calcu lated IOP's may 
i ncrease or decrease from A to B, and from B to C. These random fluctuations 
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may cance l  each other out and produce low F and T values; but they do not 
necessari ly invalidate the basic concepts of Lamometry for the reasons below. 
I n itial simplifications of the corneal model may differ from the real by varying 
amounts. Underestimation of the applied forces may be another i mportant 
imperfection encountered. There may be 4 major sources of error responsible for 
this underestimation: (1) The corneal epithe lial ce lls may deform when the 
applanating probe is applied, resulting in an applanation area larger than 
expected , as i llustrated in the figure be low: 
In the figure above , the applied force has already deformed the corneal 
epithel ium, but has not yet been transmitted through the stromal tissue to 
applanate the back corneal surface . (2) The corneal tissues may not have 
returned to the pre-applanation configuration before next applanation is 
performed. (3) Tear meniscus surrounding the ci rcu mference of the applanated 
area is wedge shaped , with the thick edge farthest fro m the applanation center 
and tapering off toward the center of applanation area. Therefore , the 
experimenter tends to reduce the applanating force u ntil there is a sufficient 
visible amou nt of overlapping of the th in  wedges, which is judged as being the 
"correct" al ignment position (when the insides of the ci rcles just meet each other). 
This problem also resu lts in an underesti mation  of the applanation d iameter. (4) 
The Goldmann body, even with the added ve rnier, is not sensitive enough 
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because the required resolution may be much h igher than the present 
achievable 0.02 gm .  
Once one o f  the applanating forces is not correctly judged, two of t he  three 
methods (A, B and C) wi l l  yield wrong values of IOP and L, because the incorrect 
force is used in  conju nction with the other 2 forces to form 2 separate pairs of 
data for the calculatio ns. This may explain the observations (e.g.: eyes 1, 4, 6, 7, 
16, 17, 20, 29 and 38 i n  Table 3) in which one of the 3 methods yields an IOP 
value s im i lar to Goldmann IOP, but the other 2 methods yie ld values very different 
from Goldmann IOP. 
Since L cannot be negative , the mean of all positive averaged L 's (each 
averaged L ,  "Lave" in Tab le 3, equals the arithmetic mean of L A, LB and LC for 
individual subjects) is found to be 349; standard deviation ,  202; and range,  
60-806 Lams. I f  these values were valid ,  2/3 of the experime ntal eyes would 
have L's between 147 and 551 Lams. 
When corre lation tests are performed on the twelve eyes that p roduced 
positive IOP and L values where none of the L values (LA,  LB and LC) differs 
from the respective Lave by more than 50%, a number of interesting observations 
are made. In general , most r values become g reater than the corresponding r's 
of correlatio n tests that invo lve all eyes, although they are stil l  statistical ly 
insign ificant. Correlatio n between Goldman n and Lamometry IOP's re mains 
statistically insignificant (except G vs C, which may be due to random 
measurement errors). Howeve r, amount of corneal astigmatism appears to have 
a statistically significant positive correlation with the difference between IOP's 
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measured by the two different methods. Neverthe less, th is particu lar observation 
seems to be little correlated with corneal astigmatic axis orientation,  as i ndicated 
by the re latively low Rpbi values of the ten eyes involved. This means that it is 
corneal toricity that partially affects measurement accuracy. Very h igh corre lation 
(0.999) exists between LB and Lave , i ndicating that knowing LB will enable the 
exper imenter to make a good predict ion of the respective Lave, and therefore it  
may suffice just to perform method B. The mean of the twe lve averaged L's is 
435; standard deviat ion ,  226 ;  and range , 60--806 Lams. 
Most i nterest ing r values of these twelve eyes are from (G-i )  vs AST, 0.767 ; 
(G-i) vs Lave, 0.814; and Lave vs AST, 0.459. This obse rvation is consistent with 
methods A, B, and C. Because both AST and Lave are strongly correlated with 
(G-i) , it is reasonable to specu late that AST and Lave wou ld be s imi larly 
correlated with each other. But this is not observed .  From a mechanical point of 
view, a toric cornea would be more r igid than a spherical cornea because the 
former  has to maintai n its toricity i nspite of being subjected to intraocular 
pressure which has a spherizi ng effect on the flexible cornea. Also Goldmann 
tonometry tends to overestimate the !OP of an eye with a cornea that is more rigid 
than the normal . These two views are suppo rted by the h igh positive r values of 
(G-i) vs AST and (G-i ) vs Lave at 0 .0 1  leve l .  The negative r value of LC vs AST 
(-0.308) , wh ile the corresponding r values fro m both methods A and B are 
positive , leads us to suspect that some other factors ,  maybe random 
measurement errors, might have been involved in  the calcu lation for Lave vs 
AST. Small sample size (1 2 eyes) may be a l im itation for more thorough 
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statistical analysis of these conflicting findings. However, based o n  the 
reason ing above , a specu lation may be made that toric corneas may tend to have 
a h igher rig idity factor than do spherical corneas. 
Tables 5a, 5b and 5c show the sensitivity of the calculated IOP and corneal 
rig idity factor, L, to changes in the variables. Magnitudes of the uncertainties 
were chosen to be typical of the operations. Table 5a uses applanation 
diameters of 2 .24 and 2.50 m m ,  equivalent to method A i n  Table 3 ;  Table 5b uses 
2.24 and 2 .73 mm, equivalent to method B ;  and Table 5c uses 2.50 and 2 .73 m m, 
equivalent to method C. These Tables and the accompanying Graphs 4 and 5 
reveal a number  of important featu res:  ( 1 ) L is much more sensitive than IOP to 
errors i n  the variables. (2) IOP and L are relatively insensitive to errors in  R1 , t 
and D. (3) IOP and L ,  especially L ,  are very sensitive to e rrors i n  F1 and F2. (4} 
Ignori ng tear surface tension results in fair amounts of e rror in IOP and L. (5) IOP 
and L calcu lated by method A are more sensitive to errors than IOP and L 
calcu lated by method C, which i n  turn are more sensitive than by use of 
method B. 
The pre l iminary procedu re described he rein, as a means to estimate the 
corneal rigidity factor and IOP of the eye , seems to show promise. However, the 
major problems appear to be measu rement accu racy and resolution  of the 
applied fo rce , and al ignment of the 2 images of the applanated area. Unti l these 
problems are resolved, the uti l ity of the procedure has not been demonstrated. 
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SUGGESTIONS FOR FUTU RE WORK: 
True corneal characteristics ,  for example , shape factor and possible 
nonparallel ism of the front and back corneal surfaces, should be taken i nto 
account in the calculations. A special fo rce applicator, in place of the Goldmann 
body, which can take a nu mber of readings i n  a short period of time, say, 15 
seconds, and is accurate to at least 0.01 gm should be used because as 
fluorescein  washes away from the eye , the crite ria for judging alignment may be 
altered. Fu rthermore, the biomicroscope should have m uch higher  resolution to 
aid more precise align ment of the ci rcles. Finally, whi le not displacing too m uch 
aqueous humour, the 2 applanation diameters should be as far apart as possible 
to reduce to a mi nimum the sensitivity of the calcu lated IOP and L to effects of 
e rrors involved in  measuring applied force and esti mati ng applanation  end point. 
However, the smallest diamete r should not fall below 2 .24 m m  because the 
applied force may not be transmitted through the corneal tissues due to possible 
deformatio n of the co rneal epitheliu m ,  and relative errors i n  judging the correct 
alignment position will become i ncreasi ngly large.  
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APPENDIX A. 
Setti ng up the Helmholtz image splitter (H IS) :  
The Helmholtz i mage slitter (H IS) is designed to split the image o f  the 
applanation area into 2 identical ones, displaced in  opposite d i rections. It 
consists of a pai r of g lass I plastic slabs, each having a poi nter attached at one 
end (see Fig's 2 and 3) . The pointers are di rected to a semi-ci rcular scale with 
arbitrary d ivision l ines indicating the relative positions of the slabs. 
The th ickness of the slabs should be about 7 mm.  If the slabs are th in they 
may not produce the required displacement ,  and if they are too th ick, the 
cal ibration  becomes difficu lt because a little change in  the relative positions of 
the slabs wil l  produce too large an image displacement.  
The HIS is placed between the end of the applanation  probe and the objective 
le ns used to view the applanation field. The exact fronto-posterior position  is not 
critical, as for a given re lative slab position the displace ment of the i mage is 
constant. 
The vertical positio n  of the H IS should be such that the central dividing l ine of 
the slabs is at the level of the optic axis of the objective lens. Too high or too low 
a position will make one of the images d immer than the other. An easy way of 
findi ng the correct vertical position of the central divid ing l ine is to view a small 
reflective disc (about 3 mm in  d iameter) th rough the biomicroscope. Focus at the 
disc, and place it i n  the cente r of the field of view. I ncrease the image separat ion 
u nti l completely separated ,  then adjust the vertical posit ion of the slabs, without 
chang ing the vertical leve l of the biomicroscope unt i l  the two images of the d isc 
4 1  
Fig. 2 .  The Helmholtz image spl itter (HIS):  
Top v iew 
App la nation probe 
cJ 
Front view 
F ig .  3 
Glass Ip lastlc 
s labs · 
DIYldin.g l ino 
Biomicroscope 
Pointer . 
Scale 
Pointer 
appear equally bright. Fix the s labs i n  th is positio n .  
The H IS  is attached to  the shaft that supports the m icroscope , so the two move 
up, down or  sideways as a unit, and thei r relative positions can be maintained. 
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APPENDIX B. 
Calibration of the He lmho ltz image splitte r (H IS ) :  
A micromete r is  firm ly fixed i n  front o f  the H IS ,  with a piece of  white paper 
seNi ng as backg round to i ncrease contrast between the m icrometer edges and 
the backg round.  The micrometer is set at a gap, identical to the diameter of the 
applanation area. Good i l l umination and 1 OX magnification are used. 
The 2 slabs are fi rst set paral lel to one another, their flat su rfaces at rig ht 
angles to the optic axis of the right ocu lar (this ocu lar is used for viewing), so as to 
produce no image displacement. The biomicroscope is focused sharply on the 
front edges of the m icrometer ,  with the m icrometer gap in  the cente r of the fie ld of 
view. The micrometer is finely adjusted in position u nti l the opposi ng flat surface 
of each end is either not seen, or is exposing equal amounts of end area to the 
viewer. I n  this position  the gap in the micrometer is at 90 degrees to the optic 
axis of the microscope. This is an i mportant requ i rement in the calibration of H IS ,  
as a ti lted gap wi l l  produce a n  apparently smal ler image than real when i t  is 
viewed through the microscope. Adjust the focus as needed. 
The slabs are slowly rotated away from the paral le l  position ,  one clockwise 
and the other  cou nterclockwise , unti l the opposite ends of the 2 i mages of the 
gap just touch. This precise posit ion can be judged fai rly easily, as a white slit is 
seen between the opposite ends if the displacement is not sufficient , and a black 
l ine is formed if the displacement is too large. The b racketing method can be 
appl ied in this case. 
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APPENDIX C. 
S imu latio n  of i ntraocu lar pressure ( IOP) : 
The pressure is produced by a wate r manometer, which is easily adjustable. 
The general arrangement is shown i n  Fig . 4. 
At roo m  temperatures (about 20 ° C) , the specific g ravity of water (Ow) can be 
taken as 0.99823, and that of mercury (Om) 13.5462. Height of the water co lumn 
is measured from the center of the corneal analogue to the top of the water 
column.  
To adjust the pressure in  the chamber, si mply raise (to i ncrease pressure) or  
lower (to decrease pressure)  the wate r reservoi r. 
To calculate the pressure in mm Hg (Hm) from a known water column height 
(Hw) : 
Hm = 
Hw x Ow 
Om 
where Hm and Hw are in mm.  
To  calculate the  required wate r co lumn height to  generate a certain amount o f  
p ressure in  m m  Hg :  
H w  = H m  x Dm 
Dw 
where H m  and Hw are in  mm. 
I n  Fig . 4, 
A = A hard plastic plate with the diameter of the central aperture 2 mm smaller 
than that of the back of the corneal analogue ( th is wi l l  help the centering of 
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Fig .  4 .  Set  up of  t h e  corn ea l  a na l o g u e  and s im u lat ion of  t h e  intra o cu lar  pressure: 
S l id ing_--+----+ 
sta nd 
F lexib le p ipe 
A ir o utlet 
Water outlet 
Water 
reserYoir 
Press ure 
chamber 
� S O O mm 
-+-----+--+---- Water co lumn 
i n  transparent tube 
F 
A l  B 
Corneal a na logue 
F lange for s upport 
A I B I C ll D I E 
the analog ue). I t  has 4 screw ho les. 
B = A  soft rubber pad of about 1 cm in th ickness , with a central aperture s imi lar i n  
size t o  that i n  A ;  the pad is secure ly g lued t o  A b y  si l icone rubber o r  other 
suitable g lues. 
C = An alumin ium washer of about 3 mm thickness ; the diameter of the central 
aperture is g reater than the total size of the corneal analogue by not more 
than 0.5 mm for good support ;  alum in ium is chosen to avoid rust ing .  
D = A  soft rubber pad of  about 0 .5 cm i n  thickness, with a central aperture 
d iameter of about 1 mm g reate r than the l imbal diameter of the analogue ;  the 
pad is securely g lued to E. 
E = A  hard plastic p late with the diameter of the central apertu re identical to that 
of D .  It has 4 screw holes in  identical posit ions to those of A. 
F = Nylon bolts. Nylon is used to avoid rust ing.  
The corneal analogue used is made of Hefi lcon B, 45% water content and is 
fu l ly hydrated. In the fu l ly hydrated state , it has the following d imensions: radius 
of curvatu re of fro nt surface , 7.00 m m ;  radius of curvature of back surface, 6.50 
mm;  central th ickness, 0.55 m m ;  l imbal diameter, 1 1.5 m m ;  total diameter, 15.2 
m m ;  and flange th ickness of 2 mm.  
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APPENDIX E. TABLE 1 .  VOLUMES (C.B. mm) OF DISPLACED FLUID FOR DIFFERENT APPLANA110N DIAMETERS (mm). 
Limbal t!iameter = 1 1.5 mm 
Aoolanation diameter lmm) 
R1 2. 24 I 2.50 I 2 .73 
7.00 0. 1 6  I 0 .25 I 0.36 
7.50 0 . 1 5 I 0.24 I 0.34 
8.nn 0 . 1 4 I 0. 22 I 0.32 
R_i:;n 0 . 1 4 I 0.2 1 I o.�n 
Limbal diameter = h 2.5 mm 
Aoolanation diameter (mm\ 
R1 I 2 .24 I 2.50 
7.oo I l>.1 6  I o . 2s 
7.50 I 0.15 I 0 .24 
8.oo I 0. 1 4 I 0.22  
R.50 I 0. 1 4  I 0 . 2 1  
2 . 73 
0 .36 
0 .34 
0 .32 
o.�n 
Limbal diameter = h 2 mm 
Aoolanation diameter (mm\ 
3.06 R1 2 . 24 I 2.50 I 2 .73 
0 .57 7.00 0 . 16  I 0.25 I o.36 
0.54 7.�o 0 . 15  I o.24 I o.34 
0 .51 8.00 0 . 1 4 I 0.22  I o.32 
0 .48 8.50 0 . 1 4 I 0.2 1  I 0.30 
3 .06 
0.57 
0 .54 
0.51 
0 .48 
All the above calculations !are basedonLthe__assumoti.bn_that th_e_airnea� center thickness is 0.56 mm 
3 .06  
0 .57 
0 .54 
0 .5 1 
0.48 
APPENDIX E. TABLE 2. VALUES OF ALPHA : BETA FOR DIFFERENT APPLANATION DIAMETERS. 
All m .  
APPENDIX E. TABLE 3. RESULTS OF GOLDMANN TONOMETRY (G) AND LAMOMETRY (A, 8, C), BOTH IN mm Hg. 
�IRIECT 
1 DS IOD\ 
2 n� l{)S\ 
3 RW f{'\D\ 
4 RW tn.c::.\ 
5 ID torn 
E\ m in�\ 
7 � 1()0\ 
B MG lOS\ 
9 RP lnO) 
1 0  RP ln.C::.\ 
1 1 Fr, 100\ 
1 2  Fr, tc).C::.\ 
1 3 R� /OD\ 
1 4 RC::. ff'lC::.\ 
1 5 R0 1nrn 
1 6  RO tn�\ 
1 7 EC 100\ 
1 8  EC tn�\ 
1 Q TW lnQ\ 
9n TW IOS\ 
G 
1 8 .6  
2 0 . 5  
1 5  
1 5  
1 4  
1 3  
1 2  
1 5  
8 
g 
1 4  
1 n  
1 0  
1 3  
1 4  
1 2  
1 4  
1 4  
1 3  
1 4  
A 
23 .9  
1 5 . 1  
1 5 .4 
1 8 .8  
1 7 . 2  
9 .5  
Q . 1  
5 
1 2 .3  
1 3.4 
4 . 6  
5 . 2  
7 .7  
9 
4 . 5  
9 .5  
1 n .3 
6 .9  
1 9 . 1  
1 1 .4 
I (.L,J'.J"\I N A"� lN l()P fmm � Ii\ 
IA= �AUl"'\UETR 
I R  - L.AMriMETR 
I c I "l Al"\fv1ETA 
t- C�THAI rr 
A� - ASTIGMJ! 
WfR - WITH TH  
" l()P lmm Hn\ f':AI f':I 
" IOP imm I-vi\ CAU�I 
W IOP lmm I-vi\ CAI Cl 
�NEAL THI t:A<NESSln 
TISM ID\. 
RULE AS IGMA. 
B c 
1 7 . 8  7 . 4  
1 5 . 8  1 7  
1 4 . 1  1 1  . 1  
1 7. 6  1 5 . 4 
1 5 .5  1 2.4  
1 0 .5 1 2  
1 2 .3 1 7. 7  
5.9 7.5 
1 2 . 1 1 1 .8 
1 2 .4 1 0.8 
4 3 
6. 1 7.5 
9. 1 1 1 .6 
7 ?  4 1 
2 .6 -0 . 7  
1 1-9 1 5 .8 
1 3 .6 1 0.6 
1 1 .9 20 . 3  
1 8 . 8  1 8 .3 
1 3 . 1  1 6 
.ti..TEDWf "H APPI AN.t 
ATED Wf H APPLANA 
LATED Wf  "H APPLANA 
mt 
t 
0 .61 8 
0 .628 
0 .52 
0 .559 
0 .603 
0 .61 9  
0 .504 
o .n?4 
0.491 
0.538 
0 .492 
0 .508 
0 .575 
n E\ 1 4 
O.n53 
0 .527 
0 .594 
0.61 3  
0 .fi38 
0 .54 2  
lnON DIAMEl 
TION DIAMEJ 
TION DIAMEl 
AST 
0 .5 
0 . 75 
0 .62 
0 . 1 2 
0 
0 . 25 
0 
O n  
2 
1 .75 
1 . 1 2  
0 . 75 
0 . 1 2 
n 1 9  
0 
0 . 1 2 
0 .62 
0 . 5  
1 .25 
0 . 87 
iERS OF 2. 
ERSOF 2 '  
!:RS OF 2.: 
WfR/ATR 
ATR 
ATR 
WTR 
WTR 
0 
WTR 
0 
WTR 
WTR 
WTR 
WTR 
WTR 
WTR 
WlR-
0 
ATR 
WTR 
WTR 
ATR 
ATR 
�4 AND2 M n  
�4 AND 2. 73 rr 
iO AND 2.n rr 
LA LB LC 
- 3 9 9  4 1 2 1 1 45 
::\ R 6  297  2 1 6  
1 RO 333 472 
- 64 72 1 94 
6 9  23 1 377 
4 2 4  � 4 2  2 n 8  
5f)0 1 70 - 1 82 
7 � 7  � � �  i:;; '7 A 
- 94 - 6 9  - 4 6  
- 2 9 9  - 1 73 - 5 9 
729 809 880  
n 3 0  42f) 3�2 
493 327 1 76 
I) I) i A 1 I) r:: n r:: "'L.J"L.A',._., 
533 73R 922 
379 1 1 9  - 1 1 5  
3 2 8  507 668 
f\Q4 202 - 2 4 3  
- 3 1 3 - 2 7 9  - 2 4 9  
3 1 3  1 05 - R 3  
m. 
h1. 
m. 
L ave. 
38fl 
300  
328 
6 7  
226  
345 
1 83 
c c n  
-70 
- 1 77 
8 0 6  
4 2 9  
3 3 2  
A /'\ ,_ 
73 1 
1 28 
5 0 1  
2 1 R 
- 2 8 0  
1 1 2  
APPENDIX E. TABLE 3 (CONT.). RESULTS OF GOLDMANN TONOMETRY (G) AND LAMOMETRY (A, B, C), BOTH IN mm Hg. 
� IRJECT G A B c t AST WTR/ATR LA LB LC L ave. 
21 FR torn 1 4 9 . 8  8 . 3  5.8 0.56 0 0 522 696 853 69 0  
22 FR lOS\  1 6 1 6 .6 1 6 .5 1 6. 2  0 .555 0 0 43 6 1 7 6 6 0 
� FO IOQ) 1 2  9.4 1 4 .7  23 . 8  0.51 6 1 WTR 573 -72  - 655 - 5 1  
24 FD COS\ 1 3  3 6. 1 1 1 . 4 o .�n8 0 . 75 ATR 937 535 1 72 548 
?� LC IOD\ 1 1 8 .3 7 .8  6.8 0. 478 0 .37 ATR 39 1  472 544 469 
26 LC lOS\ ' 1 2  1 0 .6 1 0 .4 1 0  0 .493 0 .37 ATR 207 23 6 262 2�� 
27 RH IOD\ 1 4  1 5 1 2 . 1  7 . 1  0.541 0 . 75 WTR 44 4 1 7 753 4Mi 
28 RH IOS\ 1 4  5.9 9 . 9  1 6. 9 0.545 0 .5 WTR 94 9 430 - 3 9  447 
?Q MHlOO\ 1 2 .5 1 8.9 1 6 .4 1 2 . 2  0 .528 1 . 62 WTR -38 9 - 1 1 6 1 3 0 - 1 25 
� MH IOS\ 9 1 0 .7 1 3 . 2  1 7.3  0.548 0 .62 WTR 327 67 - 1 67 76 
31 JF IOD\ 1 6 8 . 8  9 . 7  1 1 .4 0.51 2 0 .5 ATR 702 584 477 588 
32 JF lOS\ 1 5  1 9 . 8  1 6 . 1  9 7 0 .54 0 . 75 ATR - 1 6 6 260 644 246 
33 NR l00) 1 5  9 . 6  1 0  1 0 .6 0.5 1 5  0. 1 2 WTR 498 4h� 43 1 464 
� NR 10�\ 1 4 1 4  1 3 . 4  1 2 . 5  0.544 0 . 1 2 ATR 1 1 5 1 70 2 1 9 1 68 
�t:i JWIOO) 1 2  1 3.7 9 . 9 3 5 0.488 0 . 5  WTR - 284 284 797 2hh  
36 JW(QS\ 1 2  1 0 . 9  1 1 .6 1 2.6 0.4.R2 2 . 1 2  WTR 1 64 68 - 1 9 7 1 
37 �� 1orn 1 6 9 .3 1 1  1 4  0.491 1 .5 WTR 546 358 1 87 364 
� �� lOS\ 1 4  24 .6 20.4 1 3.4  0 .4Q.4 1 . 1 2  WTR -54 6 -98 305 - 1 1 3  
AA r.F lOD\ 1 7  1 2 .9 1 5 .2 1 9 .2  o.��.4 0 . 5  WTR 432 230  4 8  237 
40 CF IOS\ 1 8 28 .4  27. 1 24.7  O}i.41 0 .62 WTR -4 1 9 -297 - 1 8 7 -30 1 
ATR = AGAINST THE RULE ASTIGMA. 
LA= CORNEAL �IGIDITY F li\r.TOR ll J M� OR rur M.mm\ C'fl •PUTED WITI APPL DIJ M'SOF 2.24 �0 2.� mrr 
LB - r-riRNEAL I l�IDITYFJ! �CTOR m �PUTED 'A ITH APPI AN mON DIAMt::. r::.� OF 2 :>4 AND 2.73 rr im. 
IC - CORNEAL I IGIDITY F.t .CTOR r-1'1 lAPUTED VIJ  ITH APPLAN \Tla-J DIAME "ERS OF 2  iO AND 2.73 rr m. 
L ml&:!. = THE AR THMETIC AEAN OF L A. LB.ANC LC. 
APPENDIX E. TABLE4. VALUES OF THE DIFFERENCES BElWEEN THE GOLDMANN Ta-JOMETEY ANO l.MIOMETRY IOP (A. B, C) 
APPENDIX E TABLE 5a SENSrTNfTY lESTS ON lHE VARIABLES OF LAMO\i1ETAY. 
· APPENDIX E TABLE 5b. SENSITNITY TESTS ON lHE VARIABLES OF LAM0\1ETRY. 
APPENDIX E. TABLE 5c. SENSITIVITY1ESTS ON lHE VARIABLES OF LAMOMETRY. 
